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AIR PROPELLERS IN YAW

By E. P. LeaLey, Grorae F. Worwey, and Srtanrey Moy

SUMMARY

Tests of a 3-foot model propeller at four pitch settings
and at 0°, 10°, 20°, and 30° yow were made at Stanford
University. In addition to the wusual propeller coeffi-
cients, cross-wind and vertical forces and yawing, piich-
ing, and rolling moments were determined about axes
having their origin at the intersection of the blade axis and
the axis of rotation.

The tests showed that the maximum efficlency was
reduced only slightly for angles of yaw up to 10° but that
at 30° yaw the loss in efficiency was about 10 percent.
In all cases the cross-wind force was found to be greater
than the cross-wind component of the axial thrust. With
a yawed propeller an appreciable thrust was found for
VinD for zero thrust at zero yaw. Yawing a propeller
was found to induce a pitching moment that increased in
magnitude with yaw.

INTRODUCTION

Although airplanes are generally designed so that the
propeller axis lies approximately in the direction of
normal steady flight, the condition of yaw is found
during such maneuvers as curved flight and in flight at
high angle of attack. These maneuvers are usually of
short duration and, while the effect of yaw from these
couses may be, in specific cases, of interest, it is possibly
of no great consequence. If, however, propellers are
to be yawed in the steady-flight condition, the effects
of yaw may be important. Such a condition would
arise in the case that a wing engine is placed, for struc-
tural or other reasons, with its axis at an angle to the
longitudinal axis of the plane.

Air propellers in yaw have been the subject of both
theoretical and experimental investigation (references 1
to 5) but further information concerning the quanti-
tative effect of amall angles of yaw upon thrust, power,
cross-wind force, and efficiency seemed desirable and
therefore the present study was undertaken. While the
study was made with the propeller axis in the hori-
zontal plane and the angle between the propeller axis
and the wind direction is thus called an angle of yaw,
the results may be applied as well to angles of pitch
since such body interference as was present would have
been the same in either case.

APPARATUS AND TESTS

Wind tunnel.—The experimental work was done in
the wind tunnel of the Daniel Guggenheim Aeronauti-
cal Laboratory of Stanford University. This tunnel
is of the open-throat type with a throat diameter of

7}t feet. The maximum wind velocity is about 90 miles
per hour.
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F1GURE 1.—The dynamometer suspension.

Dynamometer.—The propeller dynamometer con-
gists essentially of a six-component balance. A driving
motor was rigidly suspended by a steel tube and pylon
of steel rods from a platform located above the wind
stream. The platform was completely restrained by
six electrically operated beam balances.

The general arrangement and appearance of the
dynamometer are shown in figures 1, 2, 3, and 4. In
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figure 1, numbers 1 to 6 indicate the leads to the
restraining beam balances, the balances themselves
being similarly numbered in figure 4. As may be seen,
the A-frame or platform was restrained in the wind
direction by balances 1 and 2, in the vertical direction
by balances 3, 4, and 5, and in the cross-wind direction
by balance 6. In addition to these restraining or
measuring balances, there were three auxiliary beam
balances, designated by A in figures 1 and 4, that

F1GURE 2—The propeller set-up shown In the yawed position.

carried the dead weight of the platform and suspended
motor. The lines labeled C1, C2, and C6 (fig. 1) are
leads to counterweights used to give the necessary
initial loads on balances 1, 2, and 6.

The forward end-shield of the motor was elongated
so that the propeller was well ahead of any considerable
wind-stream obstruction. (See figs. 1, 2, and 8.) The
distance from the propeller to the center of the sup-
porting tube was two-thirds the propeller diameter.
In figures 2 and 3 the motor is shown in the yawed
condition. The angle of yaw could be adjusted as
desired by a swivel joint provided in the supporting
tube.

The motor, and such parts of the suspension as were
in the wind stream, were shielded by a sheet-metal
cover. Thus only the forces acting on the propeller
were communicated to the platform and to the restrain-
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ing balances. An electric bell gave warning of contact
between the motor or its supports and the metal cover.

Propeller.—The propeller used in this investigation
was a 3-foot metal right-hand adjustable propeller. It
is designated propeller A in reference 6. It has a uni-
form geometric pitch and a pitch-diameter ratio of 0.7
when the blade angle at 0.75 radius is 16.6°. Four
pitch settings were used: 16.6° (uniform pitch), 20.6°,
24.6°, and 28.6°; all pitch settings were measured at

the 0.75R station.
TESTS

Measurements were made of six components of the
air force acting on the propeller, three vertical, two in
the wind direction, and one in the cross-wind direction.
From these components and the arms of the restrain-
ing balances, the rolling, pitching, yawing, and torque
moments about axes having their origin at the inter-
section of the propeller axis and blade axis were com-

Figure 3.—Upstream view of the propeller test set-up.

puted. For each pitch setting of the propeller, tests
were made at 0°, 10°, 20°, and 30° yaw.

As the model propeller driving motor was of the
constant-speed type (about 1,800 r. p. m.), variations
of the parameter V/nD were obtained by increassing
the wind velocity in suitable increments. The pro-
peller tip speed therefore remained nearly constant at
about 280 feet per second. The Reymolds Number
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FIGORE 4.—View of the electrical balancing units.

was about 0.1 full scale, assuming the full-scale pro-
peller to be 10 feet in diameter operating at a tip speed
of 800 feet per second.

The observed thrust and power are reduced to the
usual coefficients

T
Or=nip»
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T, thrust of the propeller measured parallel to the
axis of the tunnel.

P, motor power.

p, mass density of the air.

n, revolutions per unit time.

propeller diameter.

V, velocity.

The vertical and cross-wind forces are reduced to
coefficients similar to the thrust coefficient,

Cp, =22
ey
where
F,, vertical force.
F,, cross-wind force.
The moments about the three axes are reduced to
coefficients similar in form to the propeller torque
coefficient,

Co=wr
__ L
O‘_anD""
_ M
Cn=poip

=
where
Q, propeller torque.
L, rolling moment.
M, pitching moment
N, yawing moment.
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RESULTS AND DISCUSSION

In table I are given the computed values of propeller,
force, and moment coefficients for different values of
VinD.

In figure 5 the results of a test with the yaw dyna-
mometer are compared with two earlier tests of the
same propeller made in the same wind-tunne] using the
Stanford TUniversity propeller dynamometer. The
tests by Lesley and Reid are reported in reference 6;
the tests by Babberger were made in connection with
study of the scale effect on air propellers submitted as
8 thesis at Stanford University in 1934. The agree-
ment with Babberger’s test at 2,000 r. p. m. is excellent,
but the thrust and power coefficients derived from the
yaw_dynamometer test are consistently lower then
those observed by Lesley and Reid. The angular
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F16URE 5—Comparison of data from different tests of the same propeller in the same
wind tunnel. Propeller sot 16.6° at 0.75R; 0° yaw.

velocity in the latter test, however, was about 3,000
r. p. m. and Babberger found that, with this propeller,
the thrust and power coefficients increased slightly
with angular velocity. Substantial agreement with
Babberger’s test at 2,000 r. p. m. is regarded as evidence
of the accuracy of the yaw dynamometer.

Propeller, vertical-force, and cross-wind-force coeffi-
cients are given graphically as functions of V/nD in
figures 6 to 21. In figures 22 to 25 efficiency 5 and
VinD are given as functions of the speed-power ceoffi-
cient ;. The maximum efficiency and V/nD at zero
thrust are plotted in figure 26 against the secant of the
angle of yaw ¥. Figure 27 shows the ratio of cross-wind
force to thrust for different wvalues of V/nD. In
figure 28 this ratio is plotted against the ratio of
VinD to VirD at zero thrust. Pitching-moment
coefficients are given as functions of V/nD in figure 29;
yawing-moment, - rolling-moment, and torque coeffi-
cients are plotted in figures 30, 31, and 32, respectively.

The power coefficient (figs. 6 to 21) is little affected
by yaw at low velocities of advance, i. e., at small
values of V/nD. At larger values of V/nD the power
coefficient increases with each increment of yaw.

The thrust coefficient is decreased by yawing the
propeller at low V/nD. This result is to be expected
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since at —Y—=O the axial thrust would be independent

of yaw, and the thrust in the wind direction would
be the axial thrust multiplied by the cosine of the
angle of yaw. At the Jarger values of V/nD the thrust
coefficient is increased by yaw and the value of V/nD
for zero thrust is also increased.

Over the normal working range of a propeller there
is thus a decrease in efficiency with yaw, although at
the larger values of V/nD, greater than those for maxi-
mum efficiency, the efficiency is increasod by yaw.

The manner in which efficiency varies with yaw in
the normal working range is seen to advantage in
figures 22 to 25 in which efficiency is plotted against
the speed-power coefficient C,.

In figure 26 the maximum efficiency for each blade-
angle setting is plotted against sec . The resulting
parallel straight lines may be expressed by the equation

'qna::=77ma:°'—0-6 (sec ‘xb_l)
where 7., is the maximum efficiency at zero yaw.

In figure 26 the V/nD for zero thrust is also plotted
against sec ¢. As with 7. it is seen that V/nD for
zero thrust varies, over the range investigated, directly
with sec .

The vertical force coefficient of a propeller in yaw
is negligible (it does, however, show an increase with
vaw). Although in the graphical representation of
figures 6 to 21 this coeflicient, as well as the cross-wind
force coefficient for zero yaw, appears to have consid-
erable magnitude, it should be noted that the scale to
which it is plotted is ten times that used for the thrust
coefficient.

The vertical force coefficient, while generally positive,
appears in some instances to be negative at low V/nD
and to change in sign as higher values of V/nD) are
reached. It is obvious that, assuming symmetrical
flow, the direction of the vertical force would depend
on the relation between the direction of propeller ro-
tation and direction of yaw. In these tests the pro-
peller rotation was clockwise when looking upwind and
the yaw was positive. Had either been reversed it
seems evident that, with symmetrical flow, the sign of
the vertical force coefficient would have likewise been
changed.

As would be expected, the cross-wind force coefficient
shows a marked increase with yaw. The ratio of cross-
wind force to thrust is shown for the 28.6° propeller as
8 function of V/nD in figure 27.

The curves are drawn from points Fl—i’=tan ¥ at 7%=0.

It is seen that at all values of V/nD greater than zero,
F,]T is greater than tan ¥ or that the resultant hori-

zontal force is, except for 7%=0, inclined to the wind

direction at an angle greater than the angle of yaw.
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The ratio of cross-wind force to thrust as a function
of 7—1% / (n—VD—>°, where (V/aD), is VjnD for zero thrust, is

shown for all propellers in figure 28. It is seen that
F,/T increnses with propeller pitch setting as well as
with yaw.

It may be seen from these results that a propeller
with its axis in pitch would develop thrust if operating
at V/nD of zero thrust for axis parallel to direction of
motion. The thrust under this condition may be of
such magnitude that it should be considered in deriving
airplane polars from glide tests with propeller running.
For example, in glide tests of a VE-7 airplane (see
reference 7), the drag coefficient at 15.1° angle of attack
was found to be 0.143. From the present tests of pro-
pellers in yaw it appears that the thrust exerted by the
propeller in the glide test may have been double the
amount credited to it and the drag coefficient thus have
been 0.148.

Further, in the derivation of the drag of the VE-7
nirplane in the power flight tests of reference 7, a
quantity T sin B was credited to the propeller as a
liftwise force; B is the inclination of the propeller shaft
to the wind direction. The present tests show that
the credited amount should have been greater.

It may also be seen that the difference betwween power
and thrust coefficients of propellers in the flight and
wind-tunnel model tests of reference 7 is qualitatively
accounted for by the fact that in flight the propeller
axis was at an angle of pitch, while in the wind-tunnel
model it was parallel to the wind stream.

The lift developed by a propeller with its axis in
pitch is sufficient to account, in considerable degree,
for the high lift coeflicients apparently developed by an
airplane at large angle of attack, power on. Millikan,
Russell, and McCoy show (reference 8) an increase in
lift coefficient of about 0.2 with power on at 20° angle of
attack. Interpolating from these tests in yaw and
allowing for the three-blade propeller used by Millikan,
Russell, and McCoy, it appears that the liftwise force
exerted by the propeller was sufficient to account for
more than half of the increase in lift coefficient found.

Pitching-moment coefficients for the propellers in
yaw are shown in figure 29 as functions of V/nD.
Under the conditions of these tests, the sign of the
coefficient depends upon V/nD. It is generally posi-
tive at large V/nD and negative at small V/nD. Like
the sign of the vertical force coefficient, it is obvious
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that, assuming symmetrical flow, the sign of the pitch-
ing-moment coefficient would also depend upon the
relation between the direction of rotation and direc-
tion of yaw; a reversal of either would result in reversing
the sign of the pitching moment. Since the vertical
force is small compared with thrust, a positive pitching
moment shows a location of the line of action of thrust
below the Y axis and a negative pitching moment a
location above the Y axis.

Some verification of the observed change in sign of
pitching moment with V/nD may be derived through
analysis by simple blade-element theory. For ex-
ample, it can be shown that for the 24.6° propeller in a
vertical position and at 30° yaw, the pitching moments
of the 0.75 radius elements are proportional 81 and
—14 at V/nD 1.2 and 0.3, respectively. The ratio of
these calculated moments is —5.8. The test of this
propeller at 30° yaw shows a pitching-moment coeffici-
ent of 0.0066 at V/nD=1.2 and —0.0018 at V/nD=0.3.
The ratio of pitching momentsin the two cases is thus,
for the whole propeller, —3.7.

It is possible that a part of the indicated pitching
moment i8 due to a glight wind-stream asymmetry.
Wind-stream surveys, however, revealed not more
than 1% percent variation of velocity from the mean at
the propeller disk, which appears insufficient to acecount
for any considerable proportion of the pitching moment
found. It will be noticed that there are insufficient
observations to determine definitely the form of the
pitching-moment curve in the low V/nD range. As
this portion of the curve is of little practical impor-
tance, rather arbitrary functions have been drawn that
become zero, as they should, at zero V/nD. It seems
unlikely that, in the operating range, the magnitude
of the pitching moment will be sufficient to affect
greatly the stability characteristics of an airplane.

The yawing-moment coefficients, shown for the 16.8°
and 28.6° propellers in figure 30, increase slightly
with yaw. Even for the 30° yaw tests, however, the
magnitude of the yawing moment about the axis
chosen is extremely small.

Figures 31 and 32, showing the torque and rolling-
moment coefficients for the 28.6° propeller, are of
interest because it may be seen that the rolling moment
increases more rapidly with yaw than the propeller
torque. Although this result is illustrated for only
one propeller, computations for the others show
similar relations.
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FIGURE 6.—Characteristics of a propeller set 16.6° at 0.75R: 0° yaw.
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F16URE 8.—Charactaristics of a propeller set 16.6° at 0.76R; 20° yaw.
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F1GURE 7.—Characteristics of a propeller set 10.6° at 0.76E; 10° yaw,
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FI1GURE 9.—Characteristics of a propeller set 16.6° at 0.75R; 30° yaw.
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FIGURE 14.—Oharacteristics of a propeller set 24.6° at 0.75R; (° yaw.
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FIGURE 16.~Characteristics of a propeller set 24.6° at 0.75R; 20° yaw.
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FI1aurE 15.—Characteristics of a propeller set 24.6° at 0.76R; 10° yaw.
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FIGURE 22.—Variation of efficiency and V/nD with speed-power coefliclent for a
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FIGURE 23.—Varlation of efficiéncy and 1/aD with speed-power coefliciont for
propeller set 20.6° at 0.76R and yawed different amounts.
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Fiaure 28.—Variation of the ratlo of the cross-wind force to thrust with the ratlo of
VinD to (VinD)o for four pitch settings and three angles of yaw.
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F1GURE 31.—Variatlon of rolling-moment coefliciont with V/nD for a propeller sat

ings and four angles of yaw. 28.6° at 0.76R for four angles of yaw.
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AIR PROPELLERS IN YAW

CONCLUSIONS

The results of these experiments showed that:

1. Over the normal working range of the propeller,
there was a decrease in thrust, an increase in power
absorbed, and a decrease in efficiency with yaw. Up
to 10° of yaw, the loss in maximum efficiency was not
more than 2 percent, but at 30° yaw it became about 10
percent.

2. The cross-wind force was greater than the cross-
wind component of the axial thrust. This result indi-
cates that the corresponding lift due to a propeller with
its axis in pitch accounts for a larger proportion of the
increase of lift coefficients apparent in airplanes at high
angles of attack, power on, than would be estimated
from the vertical component of the axial thrust.

3. With the yawed propeller, there was an appreciable
thrust at V/nD for zero thrust at zero yaw. Conse-
quently, airplane glide tests made with the propeller
idling at a V/nD for zero thrust at zero yaw should be
corrected for the thrust due to the yawed propeller.

4. Yawing the propeller induced a pitching moment
that increased in magnitude with yaw.

Danier. GUGGENHEIM AEBRONAUTICAL LABORATORY,
STanrorp UNiversiTy, CALIFORNIA, October, 1936.
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TABLE I

COMPUTED VALUES OF COEFFICIENTS FOR DIF-
S%RIEAITIT%‘ PITCH SETTINGS AND VARIOUS ANGLES

|4
b Cr Cr 7 Cry Cr, Cm Cu
16.6° PITCH SETTING, 0° YAW
0.124 1 0.0402 | 0.0373 | 0.260 | —0.00030 | —0.00030 Q. 00047 —0. 00055
2254 | L0389 0804 .525 —. 00018 —. 00061 - 00067 —. 00061
.335| .0387 | .0731 833 ~—. 00012 —. 00049 . 00077 —. 00063
.419 | .0369 | .0850 . 738 ~—. 00008 —. 00043 . 00004 —. 00049
484 | .0361 | .0573 ( .768 —~.00008 [ —.00070 | —.00005 —. 00045
L5461 .0331 | .0489 .807 [ -—. 00079 —. 00055 —. 00026
6921 .0310 | .0437 .834 0 —. 00081 —. 00077 —. 00022
.648 1 .0283 | .(349 . 800 0 —. 00030 —. 00016 —. 00035
LT3 ] L0244 274 790 0 ’ —. 00081 —. 00037 —. 00028
L7431 L0200 0196 78 00008 —. 00024 - 00004 —. 00035
.78 | .0183 0110 . 566 00008 ~—. 00030 . 00020 —. 00018
.822 | .00%0 .320 . 00003 . 00008 . 00069 —. 00008
16. 6° PITCH SETTING, 10° YAW
Nn.081 | 0.0382 | 0.0384 | 0.187 0.0155 | —0.00024 | —0.00023 —0. 00030
22031 .0385] .0828 .437 . 0160 —. 00024 —. 00004 —. 00020
.297 | .0387 | .0760 583 . 0140 ~—. 00030 - 00028 —. 00008
.381 ) .78 | 06878 .688 . 0130 —. 00018 . 00012 - 00008
.441 | .0371 | .0619 . 736 . 0121 -—. 00006 . 00012 . 00008
501 | .0348 | .0349 .788 .ou2 —. 00018 - 00007 ~—. 00008
L5811 .0330 | .0487 .813 L0103 —. 00024 . 00038 . 00010
602 .0319 ] .0434 .819 . 0097 —. 00048 ~—. 00040 . 00008
. 656 0276 | .0342 .813 . 0084 —. 00038 . 00010 - 00032
700 | 0247 | .0278 .782 . 0078 —. 00009 . 00030 . 00040
L736 | L0217 0216 .733 . 0068 . 00006 . 00032 . 00050
773 L0169 0149 .682 . 0081 . 00042 . 00111 . 00054
.840 | . 0098 0014 -120 . 0044 . 00120 . 00148 - 00078
16. 6° PITCH SETTING, 20° YAW
0.075 | 0.0411 { 0.0841 | 0.154 0.0308 0.00012 { —0.00200 0. 00023
L2384 L0308 | .0784 .441 . 0300 —. 00012 —. 00037 .00012
L2831 .0306 | .0788 .53 . 0291 . 00012 . 00022 . 00028
.381 | .0393 | .0682 . 681 -0273 . 000256 . 00087 . 00047
.460 | .0380 | .0599 .708 .08 —. 00012 . 00021 . 00053
L5068 | .0378 | .0540 . 739 L6234 —. 00006 . 00058 . 00057
.558 1 .0357 | .0401 .768 0218 . 00018 . 00071 . 00057
.613 | .0334| .0428 . 788 . 0200 . 00037 . 00098 . 00069
.674 | .0304 | .0349 .TI4 .0179 - 00073 .00128 . 00033
L7186 | L0278 | .0291 747 0184 . 00079 . 00151 . 00106
T4 (0252 | L0247 .730 . 0154 . 00067 . 00220 00108
780 | .0228 0190 .850 . 0139 .o0118 . 00104 00124
.820 | .0178 0122 562 <0122 . 00207 . 00200 00138
.854 ] 0147 | .0067 .300 . 0109 . 00195 . 00307 00140
.883 1 .0116 | .0017 .130 . 0096 . 00225 . 00332 00148
16. 6° PITCH SETTING, 30° YAW
0.096 | 0.0394 | 0.0760 | 0.183 0.0445 [ —0.00080 | —0.00190 —0. 00021
L2551 .0403 | .0704 .448 .0434 —. 00099 —. 00113 . 00035
L850 | .0398 | .0851 .578 .0413 —. 00093 —. 00020 . 00058
.419 | .0393 | .0593 .632 .0338 —. 00037 —. 00031 . 00070
.484 | .0391 | .0345 .675 .0387 —. 00012 —.00012 . 00088
5361 .0376 | 0498 . 707 . 0346 . 00025 . 00087 00111
L603 | .0367 { (0434 J3 .0320 . 00043 . 00072 00111
.864 | .0345 | .0381 T2 . 0298 . 00058 . 00109 00117
703 | .0318 0325 .718 .0276 . 00093 . 00148 00136
.71 ) L0201 | L0272 . 702 . 0255 .00112 . 00208 00159
792 .0254 | .03217 877 . 0235 . 00143 . 00258 00155
.84 | .0227 | .0160 . 588 . 0211 . 00173 . 00308 00175
.882 .0201 | .0100 . 439 .0188 00242 . 00370 00192
. 930 0150 | . 0034 L2101 . 0162 . 00247 - 00415 00185
20.6° PITCH SETTING, 0° YAW
\4
— Cr Cr 7 Cry Cra Cu
nD
0.124 0. 0839 0. 0884 0.172 —0. 00018 —0. 00073 0. 00077
.270 . 0561 . 0907 .437 - . 00440 . 00026
.359 . 0535 . 0890 507 - —. 00091 . 00018
441 . 0534 . 0833 .638 -—. 00018 —. 00118 —. 00034
. 509 . 0515 . 0762 . 753 --. 00012 —. 00053 . 00034
. 563 . 0607 . 0697 L714 —. 00012 —. 00067 - 00022
.634 L0483 .0612 .804 —. 00012 ~—. 00067 . 00033
739 . 0425 . 0483 .839 —. 00018 —. 00061 —. 00002
. 786 . 0398 0427 842 —. 00018 —. 00043 - 00024
.836 . 0340 . 0350 .838 —. 00012 —. 00040 —. 00020
.874 . 0309 . 0291 .823 ~—. 00008 —. 00018 —. 00004
.020 . 0258 @210 . 749 [1] —. 00030 —. 00024
.963 L0194 .0124 .616 . 00012 —. 00042 —. 00028
1.001 0130 . 0049 377 . 00024 —. 00008 - 00007
L 015 0105 . 0013 .128 . 00024 . 00030 - 00033
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TABLE I—Continued TABLE I—Continued
s c cr c ¢ c Y c ¢ G c c
nD P n Fy rs - aD P T n ry 1 4 -
o o
0.081] o.0m@2] 00| O3 0.0155 | —0.00005 | —0.00174 amil ogmoy ot 0.121 0.3 | —0.00063 |  —0.00320
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1258 .0146 . 0004 . 031 L0216 . 00258 - 00632
20.6° PITCH SETTING, 20° YAW
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0.088 | 0.0017 | O.(G64| O.122 0. 0817 0.00019 =0. 00206
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.682 0471 -0543 788 .0262 00086 - 00092 674 .0672 L0703 . 705 . 0520 .00012 . 00007
738 0444 - 0485 .508 .0248 . 00128 .00141 767 . 0669 . 0637 721 L0510 . 00050 . 00130
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967 0248 .0181 .28 .0182 . 00197 . 00360 1.028 L0534 . 0376 T . 0441 . 00212 00437
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Y Cr Cr 9 Cry Cra Cu o (o] Ca Y Cr Cr ) Cry Cr: Cu Ca Ci Ce
nD D
28.6° PITCH SETTING, 20° YAW 28.6° PITCH SETTING, 30° YAW

0.110 0,100] 0. (363|—0. 00082|—0. 00464|—0. 00053{—-0. 0161|—0. 0167 0.130] 0. 1031| 0.0374] Q. 110
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